Aedes aegypti, the main vector of dengue viruses in Asia, displays variation in population density over time. The larval habitats of this species being unevenly distributed and transient (depending on cycles of drought and flood), the forces generating temporal variation in gene frequecies in populations are studied. We sampled seven mosquito populations from Ho Chi Minh City (Vietnam) and its suburbs on five occasions between April 1999 and August 2000. We investigated genetic variation by studying isoenzyme and microsatellite polymorphism and susceptibility to a dengue 2 virus strain. Ae. aegypti populations collected during the dry sea-
Introduction
Before the 1950s, Aedes albopictus was the main vector of dengue viruses in South-East Asia. It was responsible for dengue transmission in rural or peri-urban areas, causing only sporadic cases and local outbreaks. The introduction in Vietnam at the beginning of the 20th century of Ae. aegypti (Bernard and Bauche, 1913) has modified this equilibrium. Since then, Ae. aegypti has progressively pushed Ae. albopictus back to the commuter belt because of interspecific competition, colonizing most urban and peri-urban Asian habitats. Coincidentally, dengue haemorrhagic fever has appeared in Vietnam (Mihov et al, 1959) . All four dengue serotypes are now maintained in an urban endemic cycle in most Asian cities. The change in the pattern of dengue transmission in Asia is at least partly due to the introduction of Ae. aegypti, which is responsible for most urban epidemics. In Ho Chi Minh City, Ae. aegypti larvae inhabit various types of water container: indoor containers (pots, small jars and ant traps) and outdoor plastic waste in town centres, and mainly drums and domestic earthenware jars in the suburbs, which generally do not have mains water supplies (Huber et al, 2000) . The breeding season of the mosquito extends throughout the year. However, mosquito densities decline during the dry season and peak in the rainy season, coinciding with a period of high dengue incidence. son (January-April) showed genetic differentiation (F ST = 0.016, P Ͻ 10 −6 for isoenzymes) and showed more differentiated infection rates of the dengue 2 virus. The genetic structure of the population is less marked during the rainy season (F ST = 0.081, P Ͻ 10 −6 ). Thus, environmental factors, such as rainfall and factors related to human activity, such as breeding site density and insecticide treatment, control the genetic structure of Ae. aegypti populations in the short term. The implications of studies of this kind for the design of future control programmes are discussed. Heredity (2002) 89, 7-14. doi:10.1038/sj.hdy.6800086 Spatial genetic differentiation of Ae. aegypti populations has been widely investigated. Tran Khanh Tien et al (1999) detected high levels of differentiation in mosquito populations from Ho Chi Minh City by isoenzyme electrophoresis. Later studies (K Huber, personal communication) gave greater definition to the differentiation pattern of populations, using six microsatellite loci. Variations in isoenzymes and microsatellites have provided evidence that water storage habits and human densities affect the level of differentiation of the mosquito populations. The number and proximity of breeding sites and the density of human populations (providing a supply of blood for the females), may affect the dispersal of mosquitoes, thereby modifying the genetic differentiation of their populations. This raises questions concerning the extent to which Ae. aegypti populations in urban centres evolve as independent units and show local adaptations.
In addition to studies of the spatial distribution of neutral genes (isoenzymes or microsatellites) in subdivided populations, which is generally shaped by genetic drift and migration (Slatkin, 1985) , temporal analyses may provide information about the forces responsible for genetic changes over a short time scale (ie, a few generations). Little is known about the genetic changes in Ae. aegypti populations associated with temporal fluctuations of water availability and consequently in population size. Ae. aegypti tends to occupy unevenly distributed permanent or transient habitats subject to cycles of drought and flood associated with the pattern of rainfall. We have conducted an analysis based on seven Ae. aegypti populations subjected to seasonal changes using neutral genes and also variation in susceptibility to dengue 2 virus.
Heredity

Materials and methods
Mosquito samples (Figure 1 ) Seven sites were sampled in Ho Chi Minh City and its suburbs: one from the 7th district (Phu Thuan ward (1.PHU)), two from Nha Be (town of Nha Be (2.NHA) and Phuoc Kien village (3.NBE)), three from Binh Chanh (Binh Chanh village (4.BIN), Tan Quy Tay village (5.BCH) and Binh Loi village (6.LOI)) and one from Thu Duc (Hiep Binh Phuoc village (7.THU)). Mosquito samples were collected on three occasions in 1999: at the beginning of the rainy season (April), during the rainy season (August) and at the beginning of the dry season (end of November). Samples were then collected on two occasions in 2000 (March and August) (Figure 1 ). Rainfall varies from year to year, with a mean of 2000 mm of rainfall per year. The samples collected consisted of larvae or pupae, which were reared until the imago stage in an insectarium (temperature: 25 ± 1°C, relative humidity: 80 ± 10% and 12 h light/dark cycle). F 0 adults were allowed to blood feed on mice and the eggs laid by them were collected. The batches of eggs obtained were hatched and larvae reared until the imago stage (F 1 adults). F 0 adults were stored at −80°C for isoenzyme and microsatellite polymorphism analysis and F 1 adults were orally infected with a dengue 2 virus. The Paea strain of Ae. aegypti was used as a control for mosquito infection and as a mobility control for isoenzyme polymorphism (Tran Khan Tien et al, 1999) .
Experimental infection of mosquitoes
Two infection assays were carried out for each F 1 mosquito sample (F 2 mosquitoes were used if too few adults were available) (for more details, see VazeilleFalcoz et al, 1999) . It was first determined the amount of virus necessary to infect 50-70% of the control Paea strain mosquitoes which was done by feeding mosquitoes with serial dilutions of the viral stock suspension. The titer of the feeding suspension that was given to 50-70% infected females was estimated and was later used to infect mosquitoes collected in the field (10 7.2 MID 50 ). Fisher's exact test was used to compare proportions of surviving infected females 14 days after infection. We used the struc subprogramme to calculate an unbiased estimate of the exact P value (Raymond and Rousset, 1995) .
Isoenzyme polymorphism
Individual mosquitoes were ground in 25 l of distilled water and the resulting homogenate was centrifuged (15 000 g, 5 min at +4°C): the pellet was used for DNA extraction and the supernatant for starch gel electrophoresis. Seven enzyme systems were studied (for more details, see Tran Khanh Tien et al, 1999; Paupy et al, 2000) . Staining procedures used to detect specific enzyme activity were as previously described (Pasteur et al, 1988) . A strain developed from an isofemale lineage of Ae. aegypti Paea was used as a mobility control. Alleles were scored with respect to the most common allele obtained at each locus in the Paea strain.
Microsatellite polymorphism DNA was individually extracted from pellets in DNAzol solution (Gibco BRL) (for more details, see Huber et al, 2001) . Five microsatellite loci were studied: C2A8, 34/72, T3A7, AED19, 38/38 (for more information, see Huber et al, 2001) . Two l of an individual mosquito DNA sample were used as template in the polymerase chain reaction (PCR) which had a final volume of 12.5 l and contained 1× buffer (Eurobio), 1.2 mM MgCl 2 , 60 M of each dNTP, 5 pmoles of each primer and 0.25 units of Taq polymerase (Eurobio). Amplifications were performed in a 9600 thermal cycler (Perkin-Elmer). The reaction conditions were 5 cycles of 2 min at 96°C, 30 sec annealing at locus-specific annealing temperature (Ta) and 1 min 15 sec extension at 72°C, followed by 25 cycles (30 sec at 95°C, 30 sec at Ta and 1 min 15 sec at 72°C). A terminal elongation step (5 min at 72°C) ended the amplification programme. One primer (1.5 pmoles) was end-labelled with one of the three different fluorescent phosphoramidite dyes (FAM, HEX or NED) appropriate for ABI PRISM instruments. PCR reaction products were diluted to 1/20th with distilled water. Then, 1 l of each product was pooled with other compatible products according to the product length and the fluorescent dye. Pools were prepared by adding 0.5 l of internal size standard 400 HD ROX (Perkin-Elmer) and deionised formamide for a final volume of 20 l. The size standard contains DNA fragments fluorescently labelled with the NHS-ester dye ROX, ranging in size from 50 to 400 bp. After heat denaturation at 95°C for 3 min, PCR products were chilled on ice. The PCR products/size standard mixture were electrophoresed in an ABI Prism 310 sequencer (Perkin-Elmer). Genotype data were analysed using GeneScan Analysis software (Perkin-Elmer), which automatically determined the fluorescence signal and expressed it as a peak in an electrophoregram.
Statistical analysis
We calculated allele frequencies for each sample and sampling date. We assessed deviation from Hardy-Weinberg equilibrium and genotypic linkage disequilibrium for each sample and sampling date, and tested for differentiation between samples for each sampling date, using a recent update (3.1) of genepop software (Raymond and Rousset, 1995) . F IS and F ST were calculated according to the formula of Weir and Cockerham (1984) . We assessed genetic structure: (1) in the various populations at each sampling date, and (2) for one population for all five sampling dates. The levels of significance for multiple tests were adjusted by the sequential method of Bonferroni (Holm, 1979) .
Results
Mosquito infection rates
For the 43 mosquito samples tested (Table 1) , we obtained infection rates of 24.1% (LOIa, 3rd collection) to 100% (NHAa, 1st collection). If two replicates had been carried out for a particular sample, we compared infection rates between the two replicates. We rejected the null hypothesis that infection rates were similar in all replicates (P Ͻ 0.05) for three samples (NHA, BIN and LOI) from the first sample collection, two samples (BIN and BCH) from the 3rd sample collection, two samples (NHA and BIN) from the 4th sample collection and three samples (BIN, BCH and THU) from the 5th sample collection. For these samples, further analysis was carried out only for the replicate with the larger sample size. We compared the infection rates obtained in the assays with those obtained for the corresponding control. In nine cases, a significant difference was observed: PHUa, NHAa, BINb from the 1st collection, NBEb from the 2nd collection, NHAa, BINa, BINb, BCHb from the 4th collection, and BCHb from the 5th collection. In analysis of all the samples at each collection date, the overall P value obtained in Fisher's exact test was highly significant (Table 1) . Three groups were defined, based on location: (1) two sites (THU and PHU) corresponding to the city centre, (2) three sites (BIN, BCH and LOI) in the Binh Chanh district and (3) two sites (NHA and NBE) in the Nha Be district. Homogeneity in infection rates was observed only for Binh Chanh samples (P = 1) and Nha Be samples (P = 0.81) for the first collection, for Binh Chanh samples (P = 0.05) for the 3rd collection and for Nha Be samples (P = 0.1) for the 5th collection. All other comparisons showed infection rates to be heterogeneous (P Ͻ 0.05).
If we grouped collections (six sites only) according to seasons (Table 2 ) -rainy season (1st, 2nd and 5th collections) and dry season (3rd and 4th collection) -infection rates were homogeneous for PHU (P = 0.22), NHA (P = 0.21) and LOI (P = 0.18) in the rainy season and for NBE (P = 0.59) in the dry season.
Temporal genetic variation
(1) isoenzyme polymorphism: We tested pairs of loci for genotypic disequilibrium: 31 of the 519 possible tests showed significant (5% level) disequilibrium (data not shown). All 31 involved combinations of Hk1, Hk2 and Hk3, or Got1 and Got2 suggesting that these combiHeredity nations could not be considered to be statistically independent. We therefore used only Got1 and Hk1 for subsequent analysis.
For each collection date, we tested for Hardy-Weinberg equilibrium for each locus in each sample, using the probability test. Significant P values (P Ͻ 0.05) were obtained only for Hk1 -NBE in the 4th collection, probably due to heterozygote excess (details not shown). No disequilibrium was detected in any of the 260 possible combinations of the remaining seven loci in pairs (data not shown).
We analysed genetic differentiation by comparing genotype frequencies and distributions. Differentiation, evaluated by estimating F ST , was highly significant if we considered all samples at each collection date (Table 3) . F ST values were approximately two to seven times higher for the 3rd collection (F ST = +0.080) than for the other collections. If we grouped together samples from the same collection site (city centre, Binh Chanh district and Nha Be district), differentiation was highly significant in all but three cases: between the two city centre samples for the 2nd collection (P = 0.34) and between the two samples from Nha Be for the 3rd collection (P = 0.97) and for the 5th collection (P = 0.22). Analysis of the two city centre samples showed that the level of population differentiation was low for the 1st collection (F ST = +0.019) and the 2nd collection (F ST = −0.004), had increased by the 3rd collection (F ST = +0.210) and then fell in the 4th collection (F ST = +0.036) and the 5th collection (F ST = +0.052). A similar pattern was observed for the three samples from Binh Chanh except that population differentiation was at its highest level in the 4th collection (F ST = +0.142). However, the two samples of Nha Be displayed a gradual decrease in population differentiation which from the 1st collection (F ST = +0.031) to the 3rd collection (F ST = −0.004), and increased thereafter to peak in the 4th collection (F ST = +0.038). We also assessed differentiation as a function of season (Table 5 ). Significant differentiation was observed between samples if all collections dates were considered (P Ͻ 10
−6
). Significant differentiation was observed between samples in both the rainy season and the dry season. The level of population differentiation was three (BIN) to 14 (PHU and BCH) times higher in the dry season than in the rainy season, except for NHA samples which displayed twice as much population differentiation (F ST = +0.025) in the rainy season as in the dry season (F ST = +0.012).
(2) microsatellite polymorphism: All five microsatellite loci studied were variable, with between four (38/38) and 12 (T3A7) alleles detected at the different loci. Nineteen rare alleles, specifically private alleles (Slatkin, 1985) , were observed at the microsatellite loci. Most were detected in samples from the city centre (4/9) and Nha Be (4/9) for the 1st collection and in samples from Binh Chanh (6/10) for the 3rd collection. Allele changes were observed between the 1st and the 3rd collections: 18 of the 36 alleles detected at the five loci were present in samples from both collections; nine were observed only in samples from the 1st collection and nine only in samples from the 3rd collection. Significant deviation of allele frequencies from Hardy-Weinberg equilibrium was observed after Bonferroni correction in five of 31 tests for the 1st collection and three of 30 in the 3rd collection (Table 4 ). In the 1st collection, three of these cases of (April 1999) 2nd (August 1999) 3rd (December 1999) 4th (March 2000) 5th ( Collections 3 and 4; n = number of samples and replicates; P = probability of homogeneity from Fisher's exact test. Significant values (P Ͻ 0.05) are in bold; -not possible.
deviation from Hardy-Weinberg equilibrium corresponded to heterozygote deficits (NBE at the AED19 locus, NBE at T3A7 locus and THU at T3A7 locus) and one correspond to heterozygote excess (LOI at 34/72). In the 3rd collection, all three cases of deviation from Hardy-Weinberg equilibrium were due to heterozygote deficits (THU at C2A8, NHA at T3A7 and BCH at T3A7). If the heterozygote deficits were caused by the Walhund effect (ie, a subdivided population with unequal allele frequencies), deviations would be found throughout the genome. Null alleles also generate apparent heterozygote deficits. Mutations or deletions affecting sequences flanking the microsatellite may prevent PCR amplification, resulting in a heterozygote being scored as a homozygote. Non-random association between pairs of loci was ruled out in all samples except the 34/72 to 38/38 combination for the NBE sample in the 1st collection. In this case, the non-random association was probably due to genetic drift rather than selection (D IS Ͻ D ST and D′ IS Ͼ D′ ST : Ohta, 1982) .
Significant differentiation between samples was observed for the 1st collection (F ST = +0.095, P Ͻ 10
) and the 3rd collection (F ST = +0.089, P Ͻ 10 −6 ) ( Table 3) . Differentiation remained high if samples were grouped according to collection site (F ST values between +0.0576 and +0.1512) and was significant (P Ͻ 0.05) for the 1st collection and the 3rd collection, except for samples from the (Table 5) , the highest level of differentiation were those for BIN (F ST = +0.224) and BCH (F ST = +0.180), with large differences in the genetic structure of the population between the two seasons.
Discussion
This survey of genetic variability over time in Ae. aegypti from Ho Chi Minh City shows that genetic differentiation, estimated by isoenzyme polymorphism, tends to decrease during the rainy season and to increase significantly at the start of the dry season. Within a sample, allelic frequencies at microsatellite loci were constant for the first collection (corresponding to the start of the rainy season) and the 3rd collection (start of the dry season). However, allelic composition changed considerably between the two seasons. We also observed variations in susceptibility to dengue 2 virus infection, which remained constant during the rainy season. Only samples from the Nha Be district showed a different pattern: a lower level of differentiation, as shown by isoenzyme and microsatellite profiles, in the dry season, and highly variable rates of infection with dengue virus in the rainy season. These results support the hypothesis that the genetic structure and susceptibility to dengue virus of Ae. aegypti populations are under temporal control. Ecological surveys of Ae. aegypti populations in Ho Chi Minh City suggest that vector density displays seasonal variation (Huber et al, 2000) . The abundance of Ae. aegypti depends on the availability of water-filled containers, and the water-storage habits of humans, which affect the breeding pattern of this species (Moore et al, 1978) . Mosquito population densities start to rise at the beginning of the rainy season (usually in April). They gradually increase thereafter, reaching a peak in June and July. The mosquito population generally reaches a maximum after peak rainfall. Running water is not available in some of the suburbs of Ho Chi Minh City and drinking water is 0.027 1.00 n = sample size; Nall = number of alleles per locus; F IS = the inbreeding coefficient, measures the reduction of heterozygosity of a subpopulation due to non-random mating; P = probability for rejecting Hardy-Weinberg equilibrium using Fisher's exact test; Probabilities significant after correction using Bonferroni's method are in bold. often stored in jars, which function as permanent breeding sites throughout the year. Most of the dwellings in the city centre have running water, so deliberate attempts to store water are rare. Most of the larval habitats in the city centre are small containers discarded or dumped close to dwellings, and this creates a strong correlation between mosquito density and rainfall (Trpis, 1972) . Once the dry season begins, the number of available temporary breeding sites decreases and the mosquito population crashes. Populations colonizing the small containers that predominate in the city centre decrease at the beginning of the dry season (at the time of the 3rd collection). However, in the suburbs, populations in small containers are drastically reduced, but those living in jars permanently filled with stored water only decrease at the end of the dry season. Populations in permanent water storage jars may display considerable gene flow, with genetic differentiation decreasing at the end of the dry season only if sufficient temporary breeding sites are available to facilitate dispersal. Large decreases in the population during the dry season are certainly followed by recolonization in the following rainy season from permanent breeding sites such as water jars or from temporary breeding sites progressively filled by rain. Later in the rainy season (at the time of the 5th collection), residual populations colonize all breeding sites and genetic differentiation becomes less significant. Colonizing groups in the city and suburbs seem to have a similar genetic constitution.
In one sample (NHA) from the Nha Be district, we found the opposite pattern of temporal variation. Nha Be is a rural area 10 km from the centre Ho Chi Minh City. This district is known to be infested with malaria. Inhabitants use permethrin-impregnated nets to protect themselves against anopheline mosquitoes. Huber et al (2000) found that the frequency of resistance to permethrin was higher in Aedes populations collected in Nha Be than in those from other districts. If genetic bottlenecks due to Heredity insecticide treatments reduce the genetic variability of populations, as observed by Lerdthusnee and Chareonviriyaphap (1999) , this may account for the lack of differentiation in samples from the 3rd collection during the dry season. Selection by insecticides may reduce the genetic diversity of the population at loci conferring insecticide resistance and at other surrounding loci via the genetic hitchhiking effect (Yan et al, 1998) . Individuals from neighbouring untreated populations with higher densities (more breeding sites) in areas of dense human populations (Paupy et al, 2000) may be responsible for recolonization. This would result in greater genetic exchange between populations and a decrease in the level of genetic differentiation, as observed in the Nha Be population. Moreover, this lower level of genetic differentiation is correlated with high and homogeneous infection rates. Two of the three heterozygote deficits at microsatellite loci observed in the 1st collection and one of the three observed in the 3rd collection concerned samples collected in Nha Be District. Insecticide treatment, killing entire populations, may decrease the time required to fix an allele within a population by increasing homozygosity (and decreasing heterozygosity) (K Huber, personal communication)
The numerous rare alleles observed at microsatellite loci correlated with a change in allelic composition between the two collections also underline the role of migration in determining the genetic structure. Until the mutation-drift equilibrium is restored, new mutations subject to selection remain detectable in populations as rare alleles (Schlö tterer and Wiehe, 1999) . Nevertheless, the effect of a given locus under selection on gene diversity, as estimated from microsatellite polymorphism, depends on the degree of linkage between the selected locus and the microsatellite (Schlö tterer et al, 1997) . However, this phenomenon cannot account for the large changes in allelic frequencies observed on the time scale studied here. The migration of individuals may play a key role in the change in allelic composition. According to all these data, the observed genetic variation in Ae. aegypti populations may result from alternation between extinction and recolonization processes, consistent with metapopulation functioning (Barton and Whitlock, 1997) .
Studies on temporal variation in population differentiation may provide insights into population dynamics over and above that provided by geographic analyses (Tran Khanh Tien et al, 1999; K Huber, personal communication) . Such studies provide an opportunity to validate results obtained in geographic surveys performed at a single time point and also provide information about the main forces responsible for genetic changes in the short term. The findings of this study have direct implications for the forecasting of dengue outbreaks and the implementation of control strategies. Genetic differentiation and differences in infection rates decreased during the rainy season, when mosquito population densities were at their highest level. This strongly facilitates the dissemination of dengue. If insecticide treatments are initiated at the end of the dry season, when Ae. aegypti populations are highly differentiated and have low densities, efforts should be concentrated on the source population (populations from permanent breeding sites such as water storage jars) and/or migrants likely to become established. A large proportion of the Ae. aegypti population of urban centres is present in the form of eggs at this time of the year. Therefore, efforts to reduce source populations should focus on the elimination of both breeding sites and residual eggs. The greater genetic exchange observed between populations during the rainy season makes it necessary to pay attention to the occurrence and spread of selected traits, such as insecticide resistance. The migration of dengue-infected people is likely to disseminate dengue viruses more quickly than the migration of infected Ae. aegypti mosquitoes. Finally, other factors related to viruses and human populations should be considered to increase the accuracy of prediction of the level of dengue transmission.
